Introduction
Gastroesophageal reflux disease (GERD) is a common digestive acid-related disorder, most notably associated with symptoms of heartburn and acid regurgitation with a prevalence of up to 20% in North American adults. 1, 2 Options for drug therapy include acid-suppressing agents, such as antacids, histamine 2-receptor antagonists, and proton pump inhibitors (PPIs). PPIs are the treatment of choice for GERD symptom relief and healing of esophageal erosions.
Dexlansoprazole is a PPI that suppresses gastric acid secretion by inhibiting the hydrogen-potassium adenosine triphosphatase pump in the gastric parietal cell; the final step of acid production is blocked by the specific action on this gastric proton pump. 3 Dexlansoprazole dual delayed-release capsules are indicated for the healing of erosive esophagitis (EE), maintenance of healed EE and relief of heartburn, and the treatment of heartburn associated with symptomatic nonerosive GERD in patients ≥12 years of age. 3 The pharmacokinetic, pharmacodynamic, efficacy, and safety profiles following administration of dexlansoprazole 30-, 60-, and 90-mg capsules have been studied extensively. [4] [5] [6] [7] [8] With the dual delayed-release formulation, the initial release of dexlansoprazole occurs 1-2 hours after dosing followed by a second release 4-5 hours after dosing, allowing 24-hour control of intragastric acidity. 8 The capsule and tablet formulations of most PPIs are intended to be swallowed, and thus, are not ideal for patients with difficulty swallowing. Difficulty swallowing is often present in patients who suffer from neurologic or muscular disorders, such as post-polio syndrome, multiple sclerosis, muscular dystrophy, Parkinson's disease, Alzheimer's disease, myasthenia gravis, scleroderma, and eosinophilic esophagitis, and other disorders that might restrict movement of the esophagus. [9] [10] [11] [12] [13] Although epidemiologic data regarding reflux symptoms in neuromuscular disorders are scarce, GERD has a high prevalence (26.5%) in a group of patients with Parkinson's disease and has also been associated with dysphagia in a general population study. 14, 15 In a populationbased survey of 7640 patients, GERD was the most common diagnosis among those who reported difficulty swallowing. 16 Furthermore, in patients with severe dysphasia, especially the elderly with inadequate food intake and malnutrition, short-term use of a nasogastric (NG) tube is indicated. 17 Consequently, a 30-mg orally disintegrating tablet (ODT) formulation of dexlansoprazole was developed for dosing flexibility, providing an alternative option for patients unable or unwilling to swallow capsules. The bioequivalence between 30-mg formulations of dexlansoprazole ODT and capsule was demonstrated in a phase 1 crossover study. 18 Dexlansoprazole 30-mg ODT has recently been approved in the USA in patients ≥12 years of age for the treatment of heartburn associated with symptomatic nonerosive GERD, maintenance of healed EE, and relief of heartburn, the same indications for which the dexlansoprazole 30-mg capsule is approved. A 60-mg daily dose of the capsule is also approved for the healing of EE. 3 Herein, we describe the results from two separate studies conducted in healthy adults that assessed the effects of food, water, and alternative routes of administration on the bioavailability of 30-mg dexlansoprazole ODT. Study 1 measured the bioavailability of dexlansoprazole ODT in the fed and fasted states and with and without water in the fasted state. Study 2 compared the bioavailability of dexlansoprazole ODT administration directly on the tongue without water vs administration via oral syringe or NG tube after the tablet was allowed to disintegrate in water or after swallowing the ODT intact with water.
Materials and methods
The effects of various dexlansoprazole ODT dosing regimens and multiple routes of administration on bioavailability were assessed in two phase 1, randomized, open-label, single-center, single-dose crossover studies conducted in healthy adults in the USA. Study 1 assessed the bioavailability of dexlansoprazole in the fed and fasted states and with and without consumption of water in the fasted state. Study 2 evaluated bioavailability after using different routes of delivering the dexlansoprazole ODT in fasting participants. 22 and were approved by the Independent Investigational Review Boards at each site (Chesapeake Research Review, Inc., Columbia, Maryland, USA and Independent Investigational Review Board INC, Plantation, FL, USA). Trial registration was not required for either study at the time of conduct, as phase 1 drug trials are excluded from US Food and Drug Administration Amendments Act 801 registration requirements. 23 All participants gave written informed consent before beginning the study.
Study participants
Eligible participants were healthy adults between the age of 18 and 55 years and weighed ≥50 kg with a body mass index ≥18 and ≤30 kg/m 2 . Participants with any clinically significant hematologic, neurologic, cardiovascular, pulmonary, hepatic, renal, metabolic, gastrointestinal, urological, immunologic, endocrine, or psychiatric disorder, or history of malignant disease were ineligible for enrollment. Participants 
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Effects of food and mode of administration of dexlansoprazole were also considered ineligible if they had recently received agents that could alter hepatic or renal clearance, or contained nicotine, caffeine, xanthine, or grapefruit products, or if they had evidence of either drug or alcohol consumption. A known hypersensitivity to any component of dexlansoprazole ODT, dexlansoprazole capsules, or other PPIs, or prior use of dexlansoprazole, lansoprazole, or any investigational compound for any indication within 30 days before check-in (day -1 of the first treatment period) were grounds for study exclusion. In addition, both non-sterilized male participants and female participants of childbearing potential had to agree to routine contraception use for the duration of the study and for the 30 days after the last dose. If participants did not meet any of the entry criteria after randomization, they were removed at the discretion of the investigator and not replaced. Participants could also be discontinued because of adverse events.
Treatment regimens
Participants were randomized to one of three (study 1) or four (study 2) treatment sequences; each comprised three (study 1) or four (study 2) treatment periods (Tables S1 and S2 ). For each treatment period, participants were confined to the study site from the day before dose administration until all study procedures had been completed on day 2. A single dose of dexlansoprazole 30-mg ODT was administered on day 1 of each treatment period according to the dosing regimen dictated by the treatment sequence. Participants were discharged from the study site for a washout interval of at least 5 days between subsequent treatment periods. A follow-up phone call was made 5-10 days after the final dose of study drug to monitor for any ongoing or emergent adverse events.
Reference regimen
The reference regimen in both studies required administering dexlansoprazole ODT directly on the tongue without water. Participants were instructed to allow the tablet to disintegrate and to swallow the granules without chewing. Participants could drink water at any time outside of the 2-hour window ranging from 1 hour before and after receiving the drug. Participants receiving the reference regimen were to have fasted for ≥10 hours before dosing and remained fasting for 4 hours postdose.
Study 1 (effects of food and water) test regimens
In this study, participants were randomized in a 1:1:1 ratio to three possible treatment sequences, each including a period where they received tests 1A, 1B, or the reference regimen (Table S1 ). With test regimen 1A, the bioavailability of dexlansoprazole ODT when administered in the fed state without water was examined. Participants fasted overnight for ≥10 hours and were served a high-fat breakfast 30 minutes before the scheduled dose. The tablet was then administered without water as in the reference regimen. In test regimen 1B, the bioavailability of dexlansoprazole ODT when administered with water was examined. A single dose of dexlansoprazole ODT was administered after a minimum 10-hour fast according to the reference regimen, but was then followed by consumption of 240 mL of water (the recommended volume of administration stated by the FDA Guidance for Industry: Bioavailability and Bioequivalence Studies Submitted in NDAs or INDs-General Considerations) 19 after the tablet was disintegrated on the tongue and swallowed. All participants were limited to the standardized meals and snacks provided by the site. Breakfast was only served during the treatment period for test regimen 1A, and all groups received lunch and dinner.
Study 2 (alternative routes of administration) test regimens
In this study, participants were randomized in a 1:1:1:1 ratio to four possible treatment sequences, each including a treatment period for the tests 2A, 2B, 2C, or reference regimen (Table  S2) . With test regimens 2A and 2B, the bioavailability of dexlansoprazole ODT was examined when administered orally via syringe or an 8 French NG tube directly to the stomach, respectively. In both regimens, the intact tablet was placed into a syringe and allowed to disintegrate in 15-20 mL of water. After initial administration in each regimen, an additional 10 mL of water was used to rinse the dosing syringe. This rinse was performed twice, and the water used for the rinse was administered to participants after each rinse. With test regimen 2C, a single dose of dexlansoprazole ODT was administered orally with direction to swallow the tablet intact with 240 mL of water.
Evaluations
In both studies, blood samples (3 mL) were collected from a peripheral vein at ≤30 minutes before treatment and at 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 10, 12, 16, and 24 hours after dose administration. Plasma concentrations of dexlansoprazole were measured by a proprietary validated liquid chromatography tandem mass spectrometry assay at PPD Development in Middleton, WI, USA. During assay validation, the accuracy (percent difference from theoretical concentrations) and precision (percent coefficient of variation) for dexlansoprazole quality control samples were determined to be −3.83% to 1.07% and 2.45% to 4.56%, respectively. The validated concentration range for dexlansoprazole was 2.00-2000 ng/mL; values below this range were set to zero submit your manuscript | www.dovepress.com
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Kukulka et al for pharmacokinetic analysis. In addition, because dexlansoprazole is metabolized by the cytochrome P450 (CYP) 2C19 enzyme, increased plasma concentrations of dexlansoprazole may be observed in CYP2C19 poor metabolizers; therefore, a single blood sample was collected from all participants for the determination of CYP2C19 metabolizer status.
Primary endpoints for both studies included the maximum observed drug concentration in the plasma (C max ) and the amount of systemic drug exposure, determined by the area under the plasma concentration-time curve (AUC). The AUC values presented were measured from time 0 extrapolated to infinity (AUC ∞ ). The rate of absorption (T max ), defined as the time to reach C max , was a primary endpoint in study 1 and a secondary endpoint in study 2. The apparent clearance after extravascular administration (CL/F), the terminal elimination half-life (T 1/2 ), and the apparent volume of distribution after extravascular administration (Vz/F) were also included as secondary endpoints in study 2.
Statistical analysis
Within each study, individual pharmacokinetic parameters were generated using Phoenix WinNonlin Version 6.3 (Certara, Princeton, NJ, USA) and analyzed with SAS (Statistical Analysis System) Version 9.2 software (SAS Institute, Cary, NC, USA). Actual sampling times were used over scheduled sampling times in all pharmacokinetic parameter calculations. Values for T max and log-transformed C max and AUC were analyzed using the analysis of variance model with sequence, period, and regimen as fixed effects and the study participant nested within sequence as a random effect. Pharmacokinetic parameters from participants who had data for the reference regimen and at least one of the test regimens were included in the statistical analyses.
Statistical comparisons evaluated the point estimate and 90% confidence intervals (CIs) for the C max and AUC central value ratios of the test and reference regimens. Bioequivalence between regimens was declared if the CIs fell within the range of 0.80-1.25.
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A sample size of 72 (24 per treatment sequence) and 80 (20 per treatment sequence) participants was used in studies 1 and 2, respectively. These sample sizes allowed for dropout rates of ~8% (study 1) and 20% (study 2) and provided at least 88% probability of concluding equivalence on dexlansoprazole C max between 2 regimens if the true difference between dexlansoprazole C max central values from 2 regimens was not >5%. The power for concluding equivalence on dexlansoprazole AUCs between 2 regimens was expected to be >95% for both studies.
Genetic variations between individuals, including CYP polymorphisms, could potentially affect bioavailability estimates. However, CYP2C19 genotype was not expected to affect the assessment of bioavailability because each participant received both treatment regimens, serving as his or her own control in the crossover study design employed. Consequently, no formal statistical analyses were conducted based on CYP2C19 genotype.
Results
Study participants
In total, 72 and 77 participants were randomized in studies 1 and 2, respectively (Tables S1 and S2 ). Participant demographics were comparable across treatment sequences within each study (Table 1) .
Pharmacokinetic parameter estimates of dexlansoprazole ODT administration with and without food or water
Pharmacokinetic parameter estimates following dexlansoprazole ODT administration in the fed and fasted states with and without water are summarized for each regimen in Table 2 . The absorption of dexlansoprazole ODT was slower in the fed state with a median T max of 6 vs 4 hours in the fasted state (Table 2) . Furthermore, the mean C max was lower in the fed state (445 ng/mL) than in the fasted state (688 ng/mL; Table 2 ). The mean AUC, which measures systemic exposure, was similar between the fed and fasted states (Table 2) ; similar values for mean T 1/2 , CL/F, and Vz/F between the two regimens 
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Effects of food and mode of administration of dexlansoprazole at 4 hours (Table 4) . Similarly, mean C max and AUC values were consistent for all routes of administration, ranging from 744 to 786 ng/mL and from 3043 to 3340 ng·h/mL, respectively (Table 4 ). No differences were observed for the secondary endpoints of T 1/2 , CL/F, and Vz/F (Table 4 ). All point estimates of relative bioavailability for C max and AUC had 90% CIs that fell within the range for bioequivalence (0.80-1.25), indicating equivalent pharmacokinetic profiles between dexlansoprazole ODT administered via oral syringe, via an NG tube, or as an intact tablet swallowed with water and the reference regimen (i.e., administered intact on the tongue without water; Table 5 ; Figure 2 ). Notes: Because of variability in the terminal phase of the plasma concentration-time curve, the terminal elimination rate constant could not be determined for some study participants, and therefore the PK parameters that use this constant in their calculations (i.e., T 1/2 , AUC ∞ , CL/F, and Vz/F) could not be estimated. Abbreviations: AUC ∞ , area under the plasma concentration-time curve from time 0 to infinity; CL/F, apparent clearance after extravascular administration; C max , maximum observed plasma concentration; %CV, percent coefficient of variation; max, maximum; min, minimum; NR, not reported; ODT, orally disintegrating tablet; PK, pharmacokinetic; SD, standard deviation; T 1/2 , terminal elimination half-life; T max , time to reach maximum observed plasma concentration; Vz/F, apparent volume of distribution after extravascular administration.
were also observed (Table 2) . When statistically comparing ODT administration in fed and fasted states, the 90% CIs of dexlansoprazole AUC values (0.8776-1.0242) were contained within the predetermined range of bioequivalence -that is, within 0.80-1.25 (Table 3 ; Figure 1 ). The 90% CI for C max did not meet bioequivalence criteria (0.5568-0.6908) and the point estimate suggests that the peak concentration was ~38% lower in the fed state (Table 3 ; Figure 1 ). When comparing dexlansoprazole ODT administration with and without water (test regimen 1B and reference regimen, respectively) similar rates of absorption were observed with median T max of 4 hours each (Table 2) . Participants receiving the ODT with water had a 26% lower mean C max than those receiving the reference regimen (508 ng/mL vs 688 ng/mL, respectively; Table 2 ). Mean AUC was also 15% lower when administration of the ODT was followed with water ( Table 2 ). The 90% CIs for both C max and AUC values were not in the prespecified range for bioequivalence (Table 3; Figure 1 ). Mean T 1/2 values were similar between the two regimens ( Table 2) .
Pharmacokinetic parameter estimates of dexlansoprazole after using alternative routes of administration Pharmacokinetic parameter estimates after using alternative routes of dexlansoprazole ODT administration were summarized for each regimen ( Table 4 ). The absorption of dexlansoprazole was similar irrespective of the method of delivery, with all regimens reaching maximum plasma concentrations Reference regimen: a single dose of dexlansoprazole 30-mg ODT was administered on the tongue without water after a minimum 10-hour fast. Participants were instructed to allow the tablet to disintegrate and to swallow the granules without chewing. Abbreviations: AUC ∞ , area under the plasma concentration-time curve from time 0 to infinity; CI, confidence interval; C max , maximum observed plasma concentration; ODT, orally disintegrating tablet; PK, pharmacokinetic.
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Summary of adverse events
The majority of events in both studies were classified by the investigator as of mild intensity and unrelated to study drug. In study 1, there was a higher rate of treatment-emergent adverse events among those who received a high-fat meal for breakfast Notes: Because of variability in the terminal phase of the plasma concentration-time curve, the terminal elimination rate constant could not be determined for some study participants, and therefore the PK parameters that use this constant in their calculations (i.e., T 1/2 , AUC ∞ , CL/F, and Vz/F) could not be estimated. Abbreviations: AUC ∞ , area under the plasma concentration-time curve from time 0 to infinity; CL/F, apparent clearance after extravascular administration; C max , maximum observed plasma concentration; %CV, percent coefficient of variation; max, maximum; min, minimum; NG, nasogastric; NR, not reported; ODT, orally disintegrating tablet; PK, pharmacokinetic; SD, standard deviation; T 1/2 , terminal elimination half-life; T max , time to reach maximum observed plasma concentration; Vz/F, apparent volume of distribution after extravascular administration.
(test regimen 1A; 21.2%) than among those who had fasted (test regimen 1B; 8.8% or reference regimen; 13.2%). Adverse events that occurred in 2 or more of the study 1 participants with any treatment regimen were headache, arthropod bite, and vessel puncture site pain, occurring at rates of 6.9% (n=5), 4.2% (n=3), and 4.2% (n=3), respectively. Three participants discontinued study 1 because of adverse events, including 1 case of pressured speech and agitation, 1 case of anxietyrelated symptoms, and 1 case of worsening of anemia; all were attributed to preexisting conditions. In study 2, treatment-emergent adverse events occurred with comparable rates (6.7%-9.3%), irrespective of the route of administration. Headache (n=6; 7.8%) was the only adverse event that occurred in 2 or more study 2 participants with any treatment regimen. Two participants discontinued study 2 because of adverse events, including one participant who was unable to tolerate placement of the NG tube, and one participant who had elevated creatine kinase levels before NG tube regimen dosing at the treatment period 4 check-in visit. The latter participant had creatine kinase levels return to normal after being withdrawn from the study medication. No serious adverse events or deaths were reported in either of the studies.
Discussion
The studies described were designed to assess the effect of food, water, and alternative routes of administration on the 
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Effects of food and mode of administration of dexlansoprazole In general, patients who have difficulty in swallowing have been found to be less compliant. 24 Other options for patients who have trouble in swallowing dexlansoprazole capsules include opening the capsule and administering the granules mixed with water in an oral syringe, via a size 16 French or larger NG tube, or by sprinkling the granules on applesauce. 3, 25 However, greater adherence has been reported with ODT administration, and dysphagic patients have reported a preference for ODT delivery. 24, 26 Dexlansoprazole ODT, which is formulated to disintegrate in the mouth without water when placed on the tongue, provides dosing flexibility for these patients.
Hospitalized patients may require a NG tube for severe dysphagia and for traumatic medical events, severe malnutrition, or a range of neurologic disorders. 17 Oral syringes are the preferred apparatus for dispensing oral liquid medications in inpatient settings. 27 The microgranules contained in the dexlansoprazole ODT are smaller than the granules in the capsule formulation and therefore much easier to disperse in water and administer in an oral syringe or a smaller NG tube (e.g., size 8 French). The results reported here demonstrate that similar systemic exposure to dexlansoprazole was achieved when swallowed intact with water or disintegrated in water and administered orally via a syringe or directly to the stomach via NG tube vs the ODT being swallowed without water after disintegration on the tongue. Bioequivalence Reference regimen: a single dose of dexlansoprazole 30-mg ODT was administered on the tongue without water after a minimum 10-hour fast. Participants were instructed to allow the tablet to disintegrate and to swallow the granules without chewing. Abbreviations: AUC ∞ , area under the plasma concentration-time curve from time 0 to infinity; C max , maximum observed plasma concentration; ODT, orally disintegrating tablet; PK, pharmacokinetic.
pharmacokinetic parameters of dexlansoprazole derived from the novel 30-mg ODT formulation. Approved in 2009, the dual delayed-release dexlansoprazole capsule formulation has proven efficacy 3, 8 ; however, swallowing the capsule whole may prove difficult for some patients.
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Kukulka et al between the alternative routes of administration evaluated suggests that the dispersal of ODT in water can be a suitable alternative for patients unable to receive oral therapy.
Compared with the consistent bioavailability observed for the dexlansoprazole ODT after using the different routes of administration in study 2 (including the administration of an intact ODT with water), a moderate decrease in dexlansoprazole bioavailability was observed when dexlansoprazole ODT was placed on the tongue, allowed to disintegrate, swallowed, and then followed with a 240-mL water rinse in study 1. These unexpected results are somewhat contradictory, and the cause of the decrease in bioavailability when a water rinse is used after standard ODT administration is not readily apparent. The difference in C max with the water rinse is not considered to negatively affect the overall pharmacodynamic profiles of the ODT formulation, because previous studies have confirmed that the pharmacodynamic effect (increase in intragastric pH) of PPIs is associated with AUC and not C max . [28] [29] [30] In one of these studies, Vakily et al performed pharmacokinetic/pharmacodynamic modeling of the exposure-response relationship between dexlansoprazole AUC and the percent of time pH >4 over a 24-hour period following multiple doses of the dexlansoprazole capsule. 30 The relationship between pharmacologic response and dexlansoprazole AUC was described using a simple maximum effect (E max ) model: E=E max × AUC t /EC 50 + AUC t , where E is the predicted pharmacologic response, E max is the maximum predicted pharmacologic response, and EC 50 is the AUC t (AUC from time 0 to the last measurable concentration) that produces 50% of the E max . Using this model and a dexlansoprazole E max of 71% and dexlansoprazole EC 50 on day 5 of 642 ng·h/mL, as reported by Vakily et al for the percent of time pH >4, we assessed the effect of the decreased AUC on overall pH control. 30 The mean AUC t for the 30-mg ODT administered on the tongue without water followed by a water rinse (2351 ng·h/mL) would be predicted to result in a pH >4 for 55.8% of a 24-hour period, whereas the mean AUC t for the 30-mg ODT administered on the tongue without water (2789 ng·h/mL) would result in a pH >4 for 57.7% of the time. The predicted 1.9% decrease in the percent of time pH >4 is not expected to have a substantial effect on the ability of dexlansoprazole to increase intragastric pH, despite a 20% decrease in AUC when the ODT was administered with a water rinse.
The 90% CIs for the central value ratios of dexlansoprazole AUC between the ODT administered in the fed condition relative to the fasted state were contained within the bioequivalence range of 0.80-1.25. However, administration of the ODT with food resulted in a 38% reduction in dexlansoprazole C max . Literature suggests that the antisecretory effect of PPIs is generally acknowledged to be proportional to the AUC, 28, 29 and in light of these studies, the demonstrated pharmacokinetic equivalence of the AUC values achieved with the ODT administered with or without food suggests that the pharmacodynamic response would be similar following administration of the 30 mg ODT in the fed condition or in the fasted state. The reduced C max in the fed condition may not be expected to affect the efficacy or safety profiles of dexlansoprazole ODT. However, due to the reduced C max value observed in the fed state, the prescribing information for the dexlansoprazole 30-mg ODT indicates that it should be administered at least 30 minutes before a meal. 3 The dexlansoprazole capsule has been available for many years as a safe and effective treatment option for patients with heartburn, GERD, or EE but options for patients with difficulty swallowing were limited to the administration via oral syringe, NG tube, or applesauce. The dual delayed-release of 30-mg dexlansoprazole ODT formulation offers advantages in convenience and compliance for patients with swallowing difficulty. Both dexlansoprazole ODT and capsule are approved in 30-mg doses for the treatment of heartburn in symptomatic nonerosive GERD and for the maintenance of healed EE and relief of heartburn. 3 Dexlansoprazole ODT is a promising treatment option for patients ≥12 years of age seeking the efficacy of the dual delayed-release of 30-mg dexlansoprazole capsule with the flexibility in dosing options that the ODT provides.
